Many epidemiological studies of Salmonella rely on conventional bacteriological culture methods to detect Salmonella in fecal samples. These culture-based methods are inefficient for epidemiological studies in populations with a low prevalence of Salmonella. The objective of this study was to optimize a protocol that uses pooled Salmonella enrichment broth cultures of bovine feces and polymerase chain reaction (PCR) for the detection of the invA gene of Salmonella in feces. In one field trial, 196 animals were sampled, and all samples were tested by culture, invA PCR on individual samples, invA PCR on pools of 5 samples, and BAX PCR on individual samples. All assays showed a high agreement on individual samples (kappa $ 0.75). The invA PCR was run on each of 40 pools and detected 19 of 22 culture-positive pools. In another field trial, 152 samples were taken from 4 dairies, and the invA PCR was performed on pools of 5 samples in addition to bacteriological culture of individual samples. Salmonella was detected in 5 of the 32 pools (7 total positive samples) by both PCR and culture. One pool was PCR-positive but culture-negative. Pooling did not dramatically affect the performance of the invA PCR; most of the culture-positive samples were detected, including all of the samples when there were 4 or more Salmonella colonies on the agar plate. Based on these field trials, invA PCR on pooled samples appears to be an efficient method of Salmonella detection as long as Salmonella loads are not extremely low.
Introduction
Salmonella has been implicated as an important food-borne pathogen and thus has been the focus of many epidemiological studies in food animal populations. The majority of epidemiological studies of Salmonella still rely on conventional bacteriological culture methods to detect Salmonella in fecal samples. 3, 5 The primary reason for using culture-based methods in these investigations is to provide isolates that can be further analyzed.
Culture-based methods for Salmonella are laborious and time-consuming, taking up to 7 days to complete, and are inefficient for epidemiological studies in populations with low prevalence of Salmonella, particularly because of the large number of samples that are typically required. 3, 17, 21 When the goal of herd sampling is to identify efficiently the Salmonella-positive animals in the herd and to obtain Salmonella isolates from these animals, the costs of cultivation are further increased by the need for confirming all suspect Salmonella colonies. Bacteria such as Citrobacter and H 2 S-positive, lactose-negative Escherichia coli can have a similar appearance to Salmonella on certain agar media, and therefore require biochemical characterization of presumptive colonies of Salmonella when in fact no colonies of Salmonella are present on the agar plate. Finally, different cultivation methods performed on the same set of samples can yield different Salmonella serotypes. 17 Thus, a rapid, sensitive, and inexpensive method for the detection of Salmonella in fecal samples would enhance the efficiency of epidemiological studies of Salmonella. This initial screening method would ideally eliminate all Salmonella-negative samples from further analysis and result in the isolation of individual colonies from all Salmonella-positive samples.
Polymerase chain reaction (PCR) technology has been used to decrease the time and increase the sensitivity of detection of Salmonella in food, environmental, and clinical samples. 1, 2, 4, 21 The invA gene is the target of many of these methods because it not only is specific to the Salmonella genus, but it is also found in all known serovars of Salmonella. 1, 6, 16, 20 PCR is not commonly employed directly on fecal samples because feces contain substances that inhibit PCR, and thus the use of brief culture enrichments can be of value in enhancing PCR assays. Unfortunately, extracting DNA from individual fecal samples prior to PCR can add considerable cost and time when large numbers of samples need to be tested. 4, 9, 10, 14, 15, 19, 20 A technique that can further increase the efficiency of processing large numbers of samples is the incorporation of sample pooling. 13 As long as sensitivity is not greatly diminished, the pooling of multiple samples into a single analysis can improve the time and cost efficiency of sample processing. A recent study evaluated the use of pooling strategies for the detection of E. coli O157 in experimentallyinoculated calves. 18 As long as shedding levels were not too low, pooling followed by specific culture protocols improved the efficiency of detection of E. coli O157. Recently, a simulation model was developed to evaluate pooling strategies, and the model was applied to the theoretical detection of Salmonella in cattle feces. 8 The model predicted that pooling became less sensitive when prevalence was low. Unfortunately, pooling strategies applied to Salmonella detection in cattle feces have not been evaluated in the laboratory or from field samples. Therefore, the objective of this study was to optimize a fecal sample processing protocol that uses pooled Salmonella enrichment broth cultures of bovine feces and PCR for the detection of Salmonella in feces. This approach could potentially reduce the amount of culturing that needs to be performed, while providing individual colonies from the Salmonella-positive pools. This type of strategy would have utility in attempts to detect Salmonella in herds as well as to estimate the within-herd prevalence of Salmonella.
Materials and methods
Bacteriological culture. The culture protocol used throughout this study consisted of the following steps. One gram of feces was added to 9 ml tetrathionate broth a (TTB) and incubated at 37uC for 48 hr. A 100-ml aliquot of the TTB was then transferred to 10 ml Rappaport-Vasiliadis R-10 medium b (R-10) and incubated at 37uC overnight. The turbid R-10 was then streaked to Brilliant Green agar. b Up to 10 pink colonies per plate were streaked to XLT-4 agar, b and all colonies characteristic of Salmonella were subjected to further biochemical identification using API 20E strips. c PCR. The fecal samples were prepared for the invA Salmonella PCR as follows. A 10-ml aliquot was removed from the TTB culture 36 hr after inoculation and transferred to a microcentrifuge tube containing 500 ml sterile brain heart infusion broth b (BHI). The BHI tube was then incubated for 3 hr at 37uC and centrifuged for 3 min at 14,000 3 g. The supernatant was discarded, and the pellet was resuspended in 250 ml Chelex 100 Resin. d The samples were then vortexed and boiled for 10 min. The sample was centrifuged for 1 min at 14,000 3 g, and the supernatant was then used as template for the PCR.
The PCR was carried out in 25-ml reaction volumes containing 2.5 ml 103 PCR buffer, e 250 mM each of the 4 deoxyribonucleoside triphosphates, e 2.5 ml of 25% acetamide, f 0.4 mM each of primers invA1 (59ACA GTG CTC GTT TAC GAC CTG AAT-39) and invA2 (59AGA CGA CTG GTA CTG ATC GAT AAT-39), 1 0.5 U Taq DNA Polymerase, e and 2 ml of template. The reaction mixture was placed in a PTC-100 Programmable Thermal Controller g and subjected to 5 min of denaturation at 94uC, followed by 30 cycles of denaturation at 94uC for 30 sec, annealing of primers at 56uC for 30 sec, and primer extension at 72uC for 2 min. After completion of the final cycle, the reaction was held at 72uC for 7 min, and then stored at 4uC until the amplicons were electrophoresed in a 2% agarose h gel containing 13 GelStar nucleic acid gel stain i and visualized under UV light. Positive reactions possessed a 243 base pair (bp) band on the gel. 1 Performance of invA PCR. To determine the minimum number of cells that must be present for the PCR assay to obtain a positive result, we performed a dilution experiment in the laboratory. Salmonella serotype Typhimurium was grown in BHI broth at 37uC overnight, and Salmonella concentration was determined by plating serial dilutions onto BHI agar and performing plate counts after 24 hr of growth at 37uC. A quantity of 100 ml of each of the serial 10-fold dilutions of the original overnight culture was added to separate tubes each containing 9 ml TTB and 1 g Salmonella-negative bovine feces. These dilutions contained from 2.5 3 10 8 to 2.5 3 10 0 cells. The TTB cultures were incubated for 36 hr and the invA PCR was performed on each culture. Performing PCR on this dilution series was intended to indicate the minimum number of cells needed for a positive PCR result. The experiment was repeated with Salmonella serotype Agona of bovine origin.
The effect of pooling on the performance of the invA PCR assay was evaluated with another laboratory-based dilution experiment. Pooling was first simulated by adding 100 ml of each BHI subculture from the experiment just described to 400 ml sterile BHI; this process simulated the pooling of a single Salmonella-positive sample with 4 Salmonella-negative samples. Furthermore, each pool had a different amount of Salmonella. The invA PCR protocol was performed on each of these simulated pools. The results of this experiment, in conjunction with the results of the detection limit analysis above, were intended to provide an indication of the number of samples that can be pooled without affecting the performance of the assay.
Pooling. The ultimate decision of the number of samples to pool into a single analysis depends on several factors, including the detection limit and diagnostic sensitivity of the assay, the prevalence of positive samples, and the gain in cost and time efficiency associated with pool size. 1 As the prevalence decreases, the efficiency of pooling increases. In addition, as prevalence decreases, larger pool sizes become more efficient.
The pooling strategy used in this study started with the invA PCR on pools of samples, and for each positive pool, bacteriological culture was performed on each individual sample in the pool. A common pooling strategy might begin with the pooling of the individual animal fecal samples, and from this pool, invA PCR and culture are performed. However, such a pool does not allow the culture of individual animal fecal samples. Instead, the pooling strategy used in this study pooled the individual animal BHI subcultures for the invA PCR. In this way, an invA-positive pool could then be cultured on an individualanimal basis. For the pooled-sample invA PCR, the individual-sample BHI subcultures were vortexed, and then 100 ml of each individual BHI subculture that would be added to the pool were combined in a sterile microcentrifuge tube. This pool of BHI was then processed in an identical fashion to the individual BHI subcultures. More complex pooling strategies were considered. For example, an additional PCR on all individual samples in a PCRpositive pool could have been performed. In addition, a further PCR on subpools made from samples in the PCRpositive pools could have been done. 13 Preliminary assessments of these pooling strategies indicated, however, that they would be very time consuming and would not reduce the cost of the Salmonella detection method.
To determine the ideal pool size, a model was used to simulate the cost efficiency associated with various pool sizes at various Salmonella prevalence levels. j, 13 In particular, the cost of Salmonella detection per sample for pool sizes of 2, 5, 7, 10, and 15 samples was evaluated. Each of these pool sizes was evaluated at Salmonella prevalence levels of 5%, 10%, and 20%. The model was run under the assumptions that the cost of culture was $0.75 per sample (excluding the cost of colony identification, i.e., API20E test) and the cost of the invA PCR and electrophoresis was $1.00 per reaction. Of importance, this model did not include the costs associated with labor. This initial model was only meant to serve as a crude guide to the reagent costs associated with culture and PCR and may not be accurate for all laboratories. At first, it was assumed that the diagnostic sensitivity and specificity of PCR are 100%. In subsequent simulations, the sensitivity was reduced. The pool size that provided optimal cost efficiency at varied prevalence levels and that maintained sensitivity in the experiments described previously was ultimately selected.
Field trials. A total of 3 different field trials were conducted to evaluate the use of the pooled-sample PCR protocol. The first field trial involved the collection of 92 fecal samples from cattle of all ages on a dairy in central Illinois. Fecal samples were collected rectally from each individual animal with a clean glove. Each glove was stored inside a Whirl-Pak k bag and placed directly into an ice chest. Samples were processed on the same day of collection. Each fecal sample was cultured for Salmonella, and the invA PCR was performed on each individual sample as well as on pools of individual samples.
The second field trial involved the collection of fecal samples from 196 dairy heifers and cows from a second dairy in central Illinois. The sampling procedures were the same as in the first field trial. For this field trial, each fecal sample was cultured individually, and the invA PCR was performed for each individual sample as well as for pools of samples. In this trial, a commercial PCR kit, BAX for Screening/Salmonella, l was also used for the detection of Salmonella in the enrichment broth cultures. The BAX PCR was performed for each individual sample at the Veterinary Diagnostic Laboratory at the University of Illinois as per manufacturer's instructions.
The third field trial consisted of the routine sampling of 4 dairy herds in central Illinois for Salmonella detection. Samples from 30, 30, 56, and 36 animals were taken from the 4 farms, for a total of 152 animals. The herds were sampled on different days, and the sampling procedure was the same as in the first field trial. For each herd in this trial, all fecal samples were cultured individually, and the invA PCR was performed for pools of samples.
Data analysis. In the field study portion of this study, each of the samples had a Salmonella status that was unknown. The results of the different assays were dichotomized into positive/negative for Salmonella, and then the results of the assays were cross-tabulated. Proportional agreements and kappa statistics along with 95% confidence intervals (CI) were calculated with a statistical software package m to assess agreement between 1) the invA PCR and the BAX PCR on individual samples, 2) the invA PCR and culture on individual samples, 3) the BAX PCR and culture on individual samples, and 4) the invA PCR performed on pools of samples and culture of the samples in these pools. An invA PCR pool was considered to be culture positive if at least one sample within the PCR pool was culture positive.
Results
Performance of invA PCR. The minimum detection limit of the invA PCR was between 25 and 250 cells. This result was based on the consistent detection of a PCR product from the sample with approximately 250 cells per reaction but with inconsistent detection from the sample with approximately 25 cells per reaction. Regardless of the number of cells added to the fecal samples before enrichment in TTB, both S. Typhimurium and S. Agona were detected in all of the inoculated cultures using the invA PCR.
The presence of Salmonella was detected in all of the simulated pools in which the BHI subcultures of TTB were diluted 1:4 with sterile BHI. This finding is likely the result of enrichment of the Salmonella in TTB followed by growth of Salmonella in the BHI subculture. It must be taken into consideration that this experiment was performed with laboratory strains of Salmonella (S. Typhimurium and S. Agona of bovine origin) and may not represent the growth dynamics of naturally occurring Salmonella from bovine feces in TTB.
Pooling. A simulation model was used to evaluate the optimal pool size for different Salmonella prevalences, and the results of this model were displayed graphically (Fig. 1) . The model specified maximum cost efficiency with pool sizes less than 5, with the optimal pool size increasing as prevalence decreases. Because the majority of farms were expected to have Salmonella prevalence less than 10%, a pool size of 5 samples was chosen. Based on the previous dilution experiments, a 1:4 dilution of a Salmonella-positive sample should not influence the sensitivity of the PCR. When the simulation model was run under the assumption that sensitivity was less than 100%, the cost effectiveness of pooling increased. This result was entirely caused by the increase in false-negative pools (data not shown). As a consequence, the assumption of 100% sensitivity was used in order to provide the most conservative cost estimate of the pooling process.
Field trials. In the first field trial, 92 animals were sampled. All of these animals were negative by culture and invA PCR. Thus, there was perfect agreement between the assays.
In the second field trial, 196 animals were sampled, and all samples were tested by culture, invA PCR on individual samples, invA PCR on pools of 5 samples, and BAX PCR on individual samples. The pair-wise comparisons for the invA PCR versus BAX PCR, the invA PCR versus culture, the BAX PCR versus culture, and the invA PCR on pools of 5 samples versus culture are shown in Fig. 2 . The invA PCR and BAX PCR demonstrated high agreement (proportional agreement of 0.99 with 95% CI 0.96, 0.998; kappa of 0.958 with 95% CI 0.818, 1.0). There were 22 samples from which Salmonella colonies were cultured. The invA PCR detected 21 of these and the BAX PCR detected 20. The agreement was high for the invA PCR versus culture (proportional agreement of 0.959 with 95% CI 0.918, 0.981; kappa of 0.817 with 95% CI 0.678, 0.956) and for the BAX PCR versus culture (proportional agreement of 0.949 with 95% CI 0.9055, 0.9739; kappa of 0.771 with 95% CI 0.633, 0.91). Finally, the invA PCR was run on each of 40 pools and 19 of the 22 culture-positive pools were detected. Five of the 18 culture-negative pools were positive on invA pooled-sample PCR. Again, an invA PCR pool was considered to be culture positive if at least 1 sample within the PCR pool was culture positive. The agreement between culture and invA pooled-sample PCR was moderate (proportional agreement of 0.8 with 95% CI 0.6386, 0.9039; kappa of 0.592 with 95% CI 0.284, 0.90).
In the third field trial, 4 additional dairies were sampled, and the invA PCR was performed on pools of 5 samples in addition to bacteriological culture of each individual sample. On 2 farms (n 5 30 samples each), Salmonella was not detected in bovine feces by PCR or culture. On 1 farm, Salmonella was detected in 2 of 56 samples (2 of 12 pools; thus each positive sample was in a different pool) by both PCR and culture. On the fourth farm, Salmonella was detected in 5 of 36 samples (3 of 8 pools) by PCR and culture, as well as in 1 pool by PCR only (the pool had no culture-positive samples). Again using the definition that an invA PCR pool was considered to be culture positive if at least 1 sample within the PCR pool was culture positive, the agreement between invA pooledsample PCR and culture was high for the 35 pools tested (proportional agreement of 0.97 with 95% CI 0.838, 0.999; kappa of 0.892 with 95% CI 0.563, 1.0). The only discordant pool was PCR-positive but culture-negative.
Discussion
There was high agreement between the invA PCR, the BAX PCR, and culture methods in terms of their ability to detect Salmonella in bovine feces. However, the invA PCR was much less expensive to perform, especially on pooled samples. The current price of the BAX PCR is approximately $8.00 per sample at cost, as opposed to approximately $1.00 per reaction for the invA PCR. The cost of culturing was estimated to be approximately $0.75 per sample (excluding the costs of final identification, for example, with API 20E strips). For Field Trial 2, it cost approximately $147 to enrich and select for Salmonella using conventional bacteriological methods; this does not include the price of further identification of presumptive Salmonella colonies (for example, with API strips). The total cost of the individual-sample invA PCR followed by culture of the PCR-positive samples was approximately $217. The total cost of the pooled- Cost is expressed on a per sample basis (in $) and is shown for Salmonella prevalence of 5%, 10%, and 20%. sample invA PCR followed by culture of all of the samples in the PCR-positive pools was approximately $130. In this case, pooling did not provide a great cost savings mainly because of the high prevalence of Salmonella among the samples. Pooling did provide an increase in time efficiency, as the sample size for processing and PCR is only a fraction of the original sample size. In comparison to Field Trial 2, the costs associated with Field Trial 3 highlighted the benefits of pooling. In Field Trial 3, the total cost of the pooled-sample invA PCR followed by culture of all of the samples in the PCR-positive pools was approximately $50.75. Conventional culturing of the 152 samples cost at least $114, again without the added costs of colony identification.
The labor time (actual hands-on time spent by a laboratory technician, not including the waiting times for incubations and other steps) involved in culturing all 196 samples was estimated for Field Trial 2 for Salmonella. In addition, the labor time spent on screening the 196 samples individually with the invA PCR, as well as screening pools of 5 samples, each followed by culture of PCR-positive samples or pools, was estimated. Approximately 30 hours of labor time were needed to culture all 196 samples for Salmonella, including the time to identify presumptive colonies of Salmonella biochemically. It would take an estimated 35 hours to initially screen all 196 samples for Salmonella and culture the PCR-positive samples, and approximately 29 hours to perform the invA PCR on pools of 5 samples and culture all samples within PCR-positive pools. These estimates include the time to perform the biochemical identification of presumptive Salmonella colonies. It is important to remember that the prevalence of Salmonella on the farm used in Field Trial 2 was higher than was expected on most farms, and thus there were a high number of PCR-positive pools. Since all 5 samples within each PCR-positive pool were cultured, this time estimate is higher than might be expected on a farm with lower prevalence.
There were instances in which the invA PCR failed to detect culture-positive samples. In Field Trial 2, there was 1 culture-positive sample that was negative by invA PCR. This culture had a single Salmonella colony that grew on the agar plate, and therefore, the PCR may have missed this low Salmonella count. This sample was 1 of 2 samples missed by the BAX PCR. In Field Trial 2, the sensitivity of the invA PCR decreased when performed on pools of 5 samples; it did not detect 3 culture-positive samples. All 3 of these samples had less than 5 Salmonella colonies on the agar plate, and 1 of these samples was the sample that the single-sample invA PCR failed to detect. Furthermore, these 3 samples included the 2 that were missed by the BAX PCR. For Field Trial 3, no culture-positive samples were missed by the invA PCR on pooled samples. Other studies have reported variable sensitivity of PCR when compared with cultivation, especially when Salmonella loads are low. 9, 19, 21 In a recent study of Salmonella in horses in a veterinary teaching hospital, the sensitivity of PCR when compared with culture was low, with 21 of 36 culture-positive fecal samples testing negative by PCR. 21 One possible explanation for PCR-negative results that are culture-positive, especially when performed on extractions from feces, is the presence of PCR inhibitors. 7, 11, 12, 22 These can include bile salts, hemoglobin degradation products, complex polysaccharides, and polyphenolic substances from plant tissues. Because of this possibility, the additional BHI incubation step was added so that any Salmonella cells that were present in the TTB culture could be grown and washed in a broth devoid of many of these inhibitors. In the future, an internal control to the PCR could be added so that the presence of inhibitors in the reaction would be immediately detected. Furthermore, more rigorous DNA extraction methods could be used rather than the approach described in this study.
Both the BAX PCR and the invA PCR on individual samples detected more Salmonella-positive samples than did culture. This result has been documented for previous PCR methods for the detection of Salmonella 1,19,21 and may be explained by the fact that PCR methods can have a greater sensitivity than culture or that PCR can detect nonviable cells. However, the possibility of falsepositive results cannot be ruled out. In a study of horses in a veterinary teaching hospital, there was a high discordance on the culture-negative samples. 21 In this case, 264 of the 837 culture-negative samples tested positive by PCR. 21 Because of the high disagreement, the authors recommended against their PCR protocol in a clinical setting. When used in herd screening, PCR results that are assumed to be falsepositive (rather than false-negative culture results) might not pose a serious problem, depending on the goal of the PCR step. In the way in which the pooledsample PCR was used in this study, the PCR results served as an indicator of the samples that were likely to be Salmonella culture-positive and provided a mechanism to reduce the amount of work associated with those samples likely to be culture-negative.
The process of pooling can potentially decrease sensitivity, and thus, the decision of individual-versus pooled-sample testing is a balance between efficiency, both in time and cost, and accuracy. In the case of Salmonella detection, the loss in sensitivity was negligible when balanced against the gain in efficiency, and therefore, pooled sample testing for Salmonella in large epidemiological studies is justified. If the purpose of the study is to identify true positive individuals and the cost of missing these individuals is high, then an individual-sample testing or a different pooling strategy would have to be evaluated.
The screening for Salmonella using PCR on pooled samples was found to be both time and cost efficient when prevalence is low. Identification of presumptive colonies of Salmonella is the most time-and costintensive aspect of Salmonella culture. This biochemical identification is occasionally performed on colonies grown from Salmonella-negative samples. Using PCR as an initial screen allows the elimination of plating many of the enrichment broths from negative samples. PCR also reduces the amount of expensive biochemical identification of presumptive Salmonella colonies that is performed. Furthermore, the use of pooling dramatically reduces the amount of time spent on performing the invA PCR. Pooling did not dramatically affect the performance of the invA PCR; most of the culture-positive samples, including all of the samples with Salmonella counts higher than 4 colonies on the agar plate, were detected. Based on the field trials and the success with the pooled-sample invA PCR, PCR on pooled samples can be a reliable, time-and cost-efficient method of Salmonella detection and should be considered for incorporation into herd screening programs. In particular, the pooling of enrichment broths enabled the subsequent culture and Salmonella identification of individual fecal samples from the positive pools and therefore can easily be inserted into the standard culture protocols.
